Gliadin and glutenin are characterized by specific ultrastructures, which depend on variety and separation conditions. Gliadins, extracted with 80% ethanol, of Israeli spring wheat 'Ariel' appeared as spherical bodies within an amorphous perforated matrix. The gliadins of a commercial sample of U.S. hard red winter wheat were deposited in bundles of bodies of concentric membrane-like units during water dialysis and they tended to separate while heating at 120°C. Acetic-acid-extracted glutenins heated at 120°C appeared as amorphous compact agglomerated particles beside dispersed aggregates, fibril-like patterns and oil-like bodies. The extracted glutenins, which were dialysed vs water, appeared as dispersed or aggregated particles beside oil-like bodies embedded in and/or encapsulated by coagulated protein. Differences were found in high-performance capillary electrophoresis patterns of both gliadins and glutenins between the Israeli spring wheat 'Ariel' and the good baking quality U.S. hard red winter wheat 'Karl 92'; indicating that the structural differences are a result of different proteins and differences in the physicochemical properties of the proteins.
INTRODUCTION described by differences in mobility zones labelled Insoluble gliadins and glutenins, which comprise -, -, -, and -gliadins 3, 4 , and high-and low->80% of the wheat flour proteins 1, 2 , confer the molecular-weight glutenins [5] [6] [7] . structural skeleton of the dough and of the baked Ewart 8 suggested that glutenin is highly crossproduct. Comprehensive studies have been made linked in a branching mode. Oxidation improves of various aspects of these two protein groups, and the dough texture, owing to conversion of SH to it is known that each of them comprises several SS bonds; reduction has the opposite effect 9 . Based fractions that differ from each other in physicoon amino acid sequence data, it has been found chemical properties and molecular size. Generally, that some cysteine residues are located close to a convention has been adopted to classify these the N-and C-terminal ends of the polypeptides 10 ; these findings were supported by experiments in which viscosity was not decreased as a result of cleavage of polypeptides at cysteine residues that  : HPCE=high performance caare located near the end of the polypeptide pillary electrophoresis; HPLC=high performance chains 11, 12 . However, marked reduction in polyliquid chromatography; HRW=a blend of U.S. hard peptide molecular weight indicated that the polyred winter wheat; SW=Israeli spring wheat cultivar 'Ariel'; TEM=transmission electron microscopy. residues 12 . Based on these findings, it can be conprofiles and amino acid components, it is of basic importance to characterize the structural nature sidered that glutenin molecules are bound to each other by either exo-or endo-cysteine residues; it of the dough and of the baked product. While the dough structure [33] [34] [35] is an expression of the is reasonable to assume that the location of the cysteine affects the structural properties of the combined contributions of the dough constituents, these constituents interact and structurally mask glutenin as they affect the textures of the dough and the baked products. In this context, it is one another. In order to understand the structural contribution of the gliadin and the glutenin, it is important to verify the structural properties of the glutenin, which is considered to be a linear important to characterize the structure of each of them separately. polypeptide, as they influence its stretching/relaxation behaviour 13 . In addition to the SS bonds, Soluble proteins of various plant extracts were found to be sensitive to heat coagulation [21] [22] [23] [24] [25] . The the non-covalent hydrogen bonding appeared to contribute to the physicochemical properties of wheat albumins and globulins include various proteins, each of which is sensitive to specific the gluten. This was attributed to the large proportion of glutamine and aspargine in the gluten coagulation temperatures within the range 50-120°C 25 . In addition to heat coagulation of which has a highly ordered b-structure 14 . Glutenin is considered to confer elasticity and cohesiveness albumins and globulins 25 , Schofield et al. 36 showed that when wet gluten was heated (prior to baking), to the gluten; the gliadin is known to act as a plasticizer, and it moderates the elastic and the the loaf volume of baked bread was reduced when the heating temperature of the gluten was incohesive strength of the glutenin 1, 8, 13 . Several models have been suggested for the structural becreased from 50 to 100°C. It can be suggested that heating (within a wide temperature range) haviour of the gluten, taking into account the structures of both the glutenin and the gliadin 8, [14] [15] [16] .
leads to an irreversible firming of the gluten proteins and thereby prevents expansion of the dough The hypothesized structure, based on glutenin as the major protein fraction, is composed of during the yeast fermentation, thus resulting in reduced loaf volume. It is reasonable to assume polypeptide subunits linked by inter-chain disulfide bonds; it has molecular weights of up to several that insoluble gliadins and glutenins are included in the proteins that reveal different susceptibilities millions 13, 17 . Addition of reducing agents leads to reduction of molecular weight owing to the breakto various heating temperatures. Hence, each protein in the present study was heated at 120°C to down of the disulfide bonds and results in a marked diminution of the intrinsic viscosity 18, 19 . assure the desired firming due to heating. In the present study, the ultrastructure and Insoluble proteins undergo structural changes resulting from heating or the action of salts such HPCE composition analyses of gliadin and glutenin were characterized and compared between as NaCl and CaC1 2 20 , however, polysaccharides restrain the structural development of heat-cospring wheat (cv. 'Ariel') grown in Israel and of a U.S. hard red winter wheat (blend of mainly agulated proteins, but are affected by the pH [21] [22] [23] [24] . These factors may also affect the structural be-'Arkan' and 'Newton' and a high-quality cultivar 'Karl 92') with predicted high-breadmaking qualhaviour of gliadin and glutenin during the breadmaking process. Albumins and globulins that ity. undergo heat coagulation 25 may be associated with the gluten proteins in creating the baked structure EXPERIMENTAL that results from heating.
The structural/textural properties of the bread Wheat samples are affected by the gluten properties. Therefore, efforts have been made to characterize wheat culWheat flours used for this study were samples from which albumins and globulins were previously tivars according to gliadin [26] [27] [28] and glutenin 5, 6, 29, 30 polypeptide profiles. Several methods have been extracted 25 . Flours from an imported commercial blend of U.S. hard red winter (HRW) wheats used to study these profiles, such as SDS-PAGE, reversed-phase high-performance liquid chroma-(containing a mixture of cultivars, mainly 'Arkan' and 'Newton', as identified by HPLC gliadin pattography (HPLC) 30 and high-performance capillary electrophoresis (HPCE) 31, 32 . terns), a high-quality U.S. HRW cultivar ('Karl 92') and the Israeli spring wheat cultivar 'Ariel' However, in addition to the identification of gliadin and glutenin according to their polypeptide (SW) were studied.
separation voltage was increased linearly from 7 Protein extraction to 10 kV over the first 5 min and then held constant Gliadins were extracted from each of the flour at 10 kV for the remainder of the separation (20 samples described above 25 , whose albumins and min). The capillary temperature was maintained globulins had previously been removed. One gram at 40°C 31 . The buffer used in the inlet and outlet fractions, of those albumin and globulin removed vials was a 0·1  phosphate buffer pH 2·5 conflours, were thoroughly mixed in 40 mL of 80% taining a polymer additive (BioRad #148-5011, aqueous ethanol solution for 2 h. The mixture was Hercules, CA 94547). Prior to each injection, a 4-then centrifuged at 5000 g for 15 min, and the min high-pressure forward rinse (+ to −) was precipitate was washed and centrifuged twice with made with buffer. Proteins were detected by ab-80% ethanol. The supernatant, which included the sorbance at 200 nm. Beckman 'Gold' Software soluble gliadins, was kept for further treatments.
accumulated the absorbance data at a sampling Glutenins were then extracted from the gliadinrate of 5 Hz and produced an ASCII file for extracted and washed flour by dispersing the inpost analysis by 'ORIGIN' software (MicroCal soluble residual mass in 40 mL 0·1  acetic acid Software, Inc., Northhampton, MA, U.S.A.). Cafor 2 h at ambient temperature, centrifuging at pillaries were vigorously washed in both forward 5000 g, and washing and centrifuging it as above.
and reverse direction as suggested by Bietz and An aliquot of the supernatant of each extraction Schmalzried 36 . Following each analysis, the cawas used for HPCE analysis 25 . pillary was rinsed for 4 min under reversed presInsoluble proteins of both the 80% ethanol sure, with each of the following: 1  HNO 3 , 0·1 (mainly gliadins) and the 0·1  acetic acid (mainly NaOH, and distilled water 31 . glutenins) extracts were prepared for transmission electron microscopy (TEM). The 80%-ethanol extract was dialysed against distilled water for 4-5 h
Transmission electron microscopy and the precipitated protein (gliadin) was prepared Insoluble gliadin and glutenin were prepared and for electron microscopy, before and after heating examined by TEM as described previously 25 . at 120°C.
Freely precipitated proteins in a test tube (see The soluble protein (glutenin) in part of the coagulation procedure above) were placed in an acetic acid extract was heated at 120°C for 30 ice bath and stabilized immediately by the addition min in an autoclave and the heat-coagulated gluof 2-3 drops of 2% agar (Difco Agar, Difco Labs, tenin was prepared for electron microscopy. The Detroit, MI, U.S.A.) solution cooled to 50°C. The other part of the extract was dialysed against solidified protein within the agar was cut into small distilled water for 4-5 h where the proteins (mainly cubes of about 2 mm 3 , fixed with 3·5% gluglutenins) were precipitated. After dialysis, the taraldehyde in 0·1  cacodylate buffer (pH 6·9) for insoluble proteins precipitated freely, the super-2 h, rinsed several times with the same buffer, and natant was decanted carefully and the precipitate post-fixed with 2% OsO 4 in phosphate buffer (pH was prepared for electron microscopy before and 6·9) for 2 h at room temperature. The fixed maafter heating in distilled water at 120°C.
terial was rinsed with distilled water, dehydrated gradually with ethanol, and embedded with epoxy resin (Agar 100, Agar Aids, England). Ultrasections High performance capillary electrophoresis of the embedded protein were prepared by LKB While ultrastructural observations were made on ultramicrotome, stained with uranyl acetate and insoluble coagulated proteins, HPCE was used to lead citrate, and examined by TEM Jeol 100CX study the soluble proteins of the extract solution.
at 80 kV. HPCE was utilized to improve the separation of the proteins and to add another means of RESULTS AND DISCUSSION characterizing the gluten proteins, since SDS-PAGE has been used many times. A Beckman Gliadin characterization PACE 2100 system was used to separate each protein extract. Samples were pressure injected
Ultrastructural observations of gliadins The gliadins, soluble in 80% aqueous ethanol for 2 s (4·88 nl) into a 27-cm-long (20 cm to detector) uncoated fused-silica capillary (Beckman solution, became insoluble upon dialysis against water. Since gliadins are naturally water-insoluble #338472) of 50 m inside diameter (i.d.). The proteins, characterization of their specific structural behaviour under heat treatment may conseparated units [ Fig. 2(a) ]. The organization of tribute to understanding of the structure created these membrane-like bundles appeared in two in both dough and bread. main forms: (1) dense matrix in which both the The ultrastructure of the SW gliadin featured membrane-like units and the bundles are packed spherical bodies, either dispersed or in clusters compactly [ Fig. 2(a) ]; and (2) bodies of loose con-[ Fig. 1(a) ]. Aggregates of intense electron-dense centric membrane-like units -the bundles apmatrices and fibril-like elements were seen between peared in various loosening stages of various sizes the spherical bodies [ Fig. 1(b) ]. Higher magand densities [ Fig. 2(b) ]. Higher magnification nification showed that the insoluble gliadin protein shows that either a single bundle or a cluster was built of spherical bodies surrounded by of bundles of sparse membrane-like units appear amorphous patterns with perforations [ Fig. 1(c)] .
within a region of compactly-packed bundles and The extracted HRW gliadin, which had become their membrane-like units [ Fig. 2(c) ]. insoluble upon dialysis, became organized upon Higher magnification revealed patterns of three solidification into large bodies of concentric memmain organization densities: (a) bundles of dense concentric membrane-like units beside sparse patbrane-like pattern of both compactly-packed, and 'Ariel' (Fig. 4) . In fact, HPCE patterns of gliadin extracts have been used to differentiate between wheat cultivars 31, 36, 38 . Gliadins electromigrated in terns [ Fig. 3(a) ]; (b) separated groups of membranethe 9-25 min range and the material eluting belike patterns of both tightly attached and separated tween 4 and 8 min (Fig. 4) comprised some material units [ Fig. 3(b) ]; and (c) continuous strands of with the same elution times as previously obtained compactly-packed membrane-like bundles in bein albumins and globulins 25 . The HPCE elution tween regions of sparse concentric bundles of order of gliadins is , , , and then 36 . The membrane-like units [ Fig. 3(c) ]. Usually, the strand and gliadins eluted between 8 and 16 min, the connections are of compactly-packed membranegliadins between 16 and 19 min and the like bundles.
gliadins between 19 and 25 min.
High performance capillary electrophoresis of Glutenin characterization gliadin HPCE patterns of the room-temperature-exUltrastructural observation of glutenins Glutenin is known to be comprised of various tracted gliadins, showed large differences between the patterns of the two cultivars, 'Karl 92' and molecular weight proteins including soluble frac-as dense amorphous spherical bodies or as a ground amorphous matrix [ Fig. 5(b) ]. The oil-like bodies seemed to be encapsulated by deposited protein [ Fig. 5(c) ], as has been shown to occur in other plant-tissue extracts 20 . Higher magnification revealed that the oil-like bodies were encapsulated by protein envelopes of variable thickness [ Fig.  5(c) ] and that in adjacent regions, the coagulated protein was dispersed as aggregates and fibril-like patterns [ Fig. 5(d) ]. In some sites the interface is seen as mixed phases of oil-like material and protein [ Fig 5(e) ].
The ultrastructure of the HRW glutenins [ Figs  5(f-h) ] appeared to be similar to that of the SW glutenin, with spherical oil-like bodies, and dispersed amorphous patterns [ Fig. 5(f ) ]. Higher magnification revealed that the oil-like bodies appeared to be encapsulated by protein, which sometimes bound several adjacent oil-like bodies together [ Fig. 5(g) ]. In some cases, the oil-like bodies seemed to be embedded within matrices of continuous amorphous protein [ Figs 5(g, h) ].
Dialysis of the 0·1  acetic acid extract resulted in the appearance of aggregates and oil-like bodies in glutenin of both the SW [ Fig. 6(a) ] and the HRW [ Fig. 6(d) ]. In the SW extract, the aggregates appeared to be fused beside protein encapsulated oil-like bodies [ Fig. 6(b) ]. These aggregates also dense bodies form a continuum with the amorphous protein mass which includes varied density patterns [ Fig. 6(f )] .
Heating of the acetic acid extract to 120°C tions in dilute acidic solution and insoluble high molecular weight fractions. The 0·1  acetic acid resulted in the formation of dense glutenin coagulates with oil-like bodies in both the SW [ Fig.  extracted glutenins were considerably free of other flour proteins since they were extracted after con-7(a)] and the HRW [ Fig. 7(d) ]. The heated SW glutenin appeared as a protein matrix containing secutive removal of albumins (water extraction) 25 , globulins (salt solution extraction) 25 and gliadins osmiophillic bodies of various intensities and dimensions and oil-like bodies [ Fig. 7(b) ]. Higher (80% ethanol extraction) (Figs 1-3) . The dialysis of acetic-acid-extracted glutenins against distilled magnification revealed a coating of protein fused with the outer surface of the oil-like bodies [ Fig.  water resulted in the precipitation of proteins with an amorphous pattern [ Fig. 5(a) . Many spherical 7(c)]. The HRW glutenin coagulate appeared as diffuse amorphous and dense osmiophilic agosmiophillic oil-like bodies, seen as oily droplets, were dispersed in the protein matrix. Higher maggregates and oil-like bodies [ Fig. 7(e) ]. Higher magnification revealed a coating of protein fused nification showed that the proteins appeared either with the outer surface of the oil-like bodies [ Fig.  7(f ) ]. It appeared that the glutenin of the SW heat treatment; such a structure would lead to irreversible relaxation, indicating more plastic wheat tended to form a denser and more compact matrix than that of the HRW glutenin. Perhaps, properties. On the other hand, the glutenin ultrastructure was of a granular nature, which enthis structural difference effects breadmaking quality.
abled it to melt and firm as a result of heat treatment, leading to a rubbery, elastic character. It appears that glutenins from the SW and the HRW (Figs 5-7) were of a typical spherous
The structural properties of these two proteins indicate that they acted synergistically to create structural nature, in contrast to the gliadins ( Figs  1-3) or the albumins and globulins 25 , which apthe swollen structure having the desired texture for bread. peared as diverse patterns. The gliadins are organised in large spherical bodies, that in HRW,
The ultrastructure of the oil-like bodies (Fig. 7 ) is typical to that of emulsified oily droplets that seem to consist of bundles of concentric membrane-like units. In the present study, the memwere previously shown to be encapsulated by coagulated proteins 21 . This similarity raises the asbrane-like layer was found to separate during sumption that the oil-like bodies were oily substances of the flour. It is reasonable to assume that the mild turbidity of the glutenin extract was an expression of emulsified oily droplets which were stabilized and partially soluble in the dilute acetic acid solution due to the 'detergent' properties of the proteins. However, neither the water extracted proteins (albumins and globulins) nor the sequential aqueous 80% ethanol extracts (gliadin) included oil-like bodies; although they were extracted from the flour before the glutenin. This leads to the suggestion that the oil-like bodies were oily droplets that associated with the glutenin. Conversion of the glutenin into insoluble fraction (as a result of dialysis against distilled water and/ or heat-coagulation), created glutenin microencapsulated oily droplets. However, the identification and properties of the oil-like bodies (whether oil or protein) deserves further study.
High performance capillary electrophoresis of glutenin
HPCE patterns of the glutenin extracts (Fig. 8) showed some similarities between the cultivars, (data not shown). In extracts of both gliadins and glutenins, small peaks (proteins) were found in the 4 to 8 min (gliadins) and the dilute acetic acid extractable albumin and globulin range 25 . It is possible that ones (glutenins). This diversity provides additional some gliadin or glutenin proteins could elecevidence for disparity in the specific properties tromigrate in the same range (4 to 8 min) as those between the gliadins and the glutenins. Each of the of albumin and globulin peaks 25 . A recent study gliadin and glutenin proteins has a characteristic on HPCE analysis of wheat protein fractions 31 has ultrastructure that is affected by heating. It can shown that small amounts of materials elecbe suggested that upon heating, when the dense tromigrating in the albumin and globulin ranges membrane-like structure of the gliadins were conare present in both gliadin and glutenin extracts.
verted into a loosened structure, the gliadin is of However, characterization of those materials, more plastic and less elastic properties. On the whether they are proteins or not, deserves further other hand, heating caused the glutenins to lose study.
their ability to create a porous structure and as a result the structure became more elastic. This may CONCLUSIONS result in the structure being too rubbery to create a good texture. The desirable optimal ratio between Obvious ultrastructural differences were found between the aqueous ethanol extractable proteins relaxed loosened gliadin and porous rubbery glu- 
